Aquatic humic and fulvic acids from nine mainstem and seven major tributary sites in the Amazon River Basin are characterized by their elemental and lignin phenol compositions. Combined humic substances represent 60% of the riverine dissolved organic carbon (DOC), with fulvic to humic acid (FA : HA) ratios in the mainstem averaging 4.7 -t 1 .O. All dissolved humic and fulvic acids have clearly recognizable lignin components at levels (8 and 3% of the carbon) suggesting a predominantly allochthonous source. Lignin compositional characteristics are dominated by diagenetic transformations, which include preferential loss of methoxylated structural units and oxidative degradation of lignin side chains. Fulvic acids have consistently lower lignin levels, lower lignin phenol methoxylation, higher acid : aldehyde ratios, and higher C : N ratios than coexisting humic acids, all indicative of greater aerobic degradation of the fulvic acid fraction. An extreme example of lignin degradation is seen in the Rio Negro humic and fulvic acids, which differ significantly in lignin and elemental compositions from other blackwater tributary and mainstem samples.
Riverine dissolved organic carbon (DOC) is an important yet poorly defined and highly dynamic component of the global carbon cycle (Likens et al. 198 1) . Riverine DOC has a weighted worldwide concentration of 5.7 5 mg C liter-l and a global flux averaging 1.25 times that of particulate organic carbon (POC) (Meybeck 198 1, 1982) . Riverine transport of organic carbon appears to be related to the annual production in the drainage basin (Moeller et al. 1979; Mantoura and Woodward 1983) and yields a total export to the oceans of around 6 (+ 4) x 1014 g C yr-l (Meybeck 1982) . Although most riverine suspended sediments are deposited at river mouths or in coastal zones (Wangersky 198 l) , riverine DOC behaves conservatively in estuaries (Mantoura and ' Supported by NSF grants DEB 8 l-07522 and OCE 82-19294 . This is CAMREX contribution 14 and contribution 1605 from the School of Oceanography, University of Washington.
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Woodward 1983) and thus has the potential to contribute significantly to offshore marine environments.
Rivers integrate the biogeochemical pro-'cesses occurring in their entire drainage basins and thus contain organic matter synthesized and degraded in both the terrestrial and aquatic environments. Between 40 and 80% of the DOC in rivers and streams can be isolated by hydrophobic adsorption at pH 2 onto nonionic resins and are considered humic substances (Thurman and Malcolm 1983) . Riverine humic substances are generally thought to be refractory, terrestrially derived organic matter leached from surrounding soils (Beck et al. 1974; Reuter and Perdue 1977) , while the remaining DOC includes potentially labile, autochthonous biochemical components (Degens 1982 ) such as proteins and carbohydrates (Degens and Ittekkot 1983) .
Aquatic humic substances have been characterized by many techniques, including elemental and functional group analyses (Perdue 1984) , spectroscopic measurements (Beck et al. 1974; Thurman and Malcolm 1983) and degradative structural 740 Ertel et al. analyses (Christman and Ghassemi 1966; Christman 1974; Liao et al. 1982; Wilson et al. 1983) . Specific biochemical residues such as amino acids (Beck et al. 1974; Lytle and Perdue 198 l) , sugars (Sweet and Perdue 1982) , and lignin structural units (Christman and Ghassemi 1966; Pempkowiak and Pocklington 1983; Ertel et al. 1984) have been detected at the molecular level in aquatic humic substances after hydrolysis or oxidation. However, most structural studies involve organic matter isolated by different techniques from a few small, highly colored swamps and streams or from rivers that have significant anthropogenic inputs. Little is known about the organic geochemistry of DOC in major rivers or the effect that riverine processes such as adsorption and respiration may have on its chemical composition.
We here examine humic (acid-insoluble) and fulvic (acid-soluble) acid fractions of the DOC collected at nine sites in the Amazon River mainstem and seven of its major tributaries. Our major goals are to define the lignin geochemistry of aquatic humic substances and relate it to the lignin in vascular plants and riverine suspended sediments from the Amazon Basin (Hedges et al. 1986a) and to use lignin and elemental compositions of aquatic humic substances to examine processes affecting DOC in a large tropical river system.
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Study area
The Amazon Basin, containing the world's largest tropical forest, covers an area of 7.05 x lo6 km2 and consists of a flat river catchment bordered by the Andean Cordillera and Subandean Trough to the west and by the Guyana Shield to the north. Receiving an average of 2 m of precipitation annually, the basin is drained by the Amazon River, which has about 1,000 tributaries (Salati and Vose 1984) . Amazon tributaries are generally classified according to their color (Sioli 1950) , which is a function of the relative dominance of dissolved organic matter (blackwater tributaries) or suspended sediment (whitewater tributaries). The major tributaries in the upper Amazon Basin (above Obidos) have sources in the Andes (upper Rio Solimoes, Rio Isa, Rio Japura, Rio Madeira), the Subandean Trough (Rio Jurua, Rio Purls) or the Guyana Shield (Rio Negro) in addition to receiving input from the central plain (Stallard 1980) . The Amazon River has an annual discharge at Obidos of 5.1 x lOI m3 yr-l and a dissolved carbon flux of 2.0 x lOI g C yr-'I (Richey et al. 1986 ), representing 20 and 15% of the total riverine input to the ocean (Richey et al. 1980; Meybeck 1982) .
The soils in the Amazon Basin are generally infertile due to loss of cations during cycles of extensive weathering and leaching over millions of years (Herrera et al. 1978) . However, by preserving nutrients in the humus and biomass, these soils support a dense angiosperm forest. Annual production in the Amazon Basin averages 10-l 5 t C ha-I, with annual litterfall around 2-3 t C ha-1 (Herrera et al. 1978) . The richest soils are recent alluvial sediments found in the annually flooded forests (seasonal varzea). The nonflooded or terra firme regions (85% of the total area) are built primarily on oxisols (Sanchez et al. 1982) , which in the wet central basin support high biomass forests and in the drier areas to the south (Rio Madeira) grassland savannas (Prance 1978) . Sandy soils, occurring mainly in the caatinga and igapo (flooded) forests of the Rio Negro basin, are podzols (3% of the total area: Sanchez et al. 1982) which have a surface humus layer, a bleached quartz A horizon up to several meters thick, and an underlying aluminous clay lens cemented with humic materials (Klinge 1965) . These soils are highly acidic, generally wet, and anaerobic, all of which result in the slow decay of the organic matter and allow continual leaching of humic material to yield the characteristic local blackwater streams (Leenheer 1980 ).
Methods
Samples-Humic substances were isolated from samples collected in the Amazon River system (Fig. 1) during February- March 1984 (CAMREX Cruise VII) using a depth-integrating and flow-proportional sampler deployed at 1 O-l 8 equally spaced positions per section. Simultaneously, integrated stream velocities were measured with a Price AA current meter to obtain total water discharges calculated with a precision off 3% (Richey et al. 1986 ). Portions of the pooled water samples were taken for suspended sediment and nutrient measurements. About 40 liters of river water was sieved (63 pm), centrifuged in a continuous flow Sharples centrifuge (Hedges et al. 1986a) , and filtered through precombusted 0.30~pm glass-fiber filters (Gelman A/E). In addition to the river samples 30 liters of surface water was collected from a blackwater lake (Lago Jurua) and filtered without centrifugation. All waters were subsampled for initial DOC analysis and then acidified to pH 2 with 4 N HCl.
Humic substance isolation -Humic substances were concentrated from the filtered water samples by adsorption onto Amberlite XAD-8 resin (Thurman and Malcolm 198 1) . Previously, the resin had been Soxhlet-extracted with acetone and methanol (48 cycles each), rinsed with 50 bed volumes (BV) of distilled water, and stored. Immediately before use the resin was rinsed twice with alternating washes (1 BV each) of 0.1 N NaOH and 0.1 N HCl. Fresh resin was used for each humic substance separation.
Between 35 and 50 liters of pH 2 water was pumped through 325 ml of XAD-8 resin (100 ml min-'). The columns were backflushed at 25 ml min-l with 800 ml of 0.1 N NaOH (prepared from column effluent). The humic substance solutions were immediately neutralized and poisoned with HgC12 (1 mg liter-l) for unrefrigerated shipment to Seattle.
In Seattle the humic substance solutions were made basic (pH 1 l), centrifuged 742 Ertel et al. (13, 000 X g) to remove small amounts of flocculated clays, filtered and acidified to pH 1 to precipitate humic acids. Humic acids were separated by centrifugation, reprecipitated from basic solution by acidification, rinsed with distilled water, and freeze-dried (Ertel and Hedges 1983) . Fulvic acids were readsorbed onto XAD-8 resin (1 OO-ml column), rinsed with 120 ml of 0.1 N HCl to remove salts, and then with distilled water until color began to elute. The columns were then backflushed with 180 ml of 0.1 N NaOH, and the eluate was immediately passed through a 30-ml column of Dowex 5Ow-X8 that had been Soxhlet-extracted with methanol and hydrogen ion saturated with 1 N HCl (Thurman and Malcolm 198 1) . The fulvic a.cid solutions were concentrated by roto-evaporation (35°C) and freeze-dried. For a procedural blank 40 liters of distilled water (0.2 mg C liter-') was treated similarly except that no humic acid precipitation was attempted.
weak base. If we assume equal loss for the initial column separation, then about 77% of the adsorbed carbon or 45% of the initial DOC should be recoverable as humic and fulvic acid powders. The average recoverable (as powders) humic and fulvic acid carbon for all river water samples was 4 1 + 6% of the initial DOC, suggesting that almost all of the difference between adsorbed and recovered carbon was due to loss on the resin. Since all samples are affected equally, a correction for this procedural loss will only be made to compare with particulate fluxes or to calculate an overall budget.
Humic substance collection eflkiencyRelatively constant portions of the riverine DOC were adsorbed from the acidified river waters, which had initial DOC concentrations that varied by a factor of three. These results, together with the observation that no color passed the columns, indicate that the scale of resin to sample volume and organic matter concentration was appropriate (Thurman and Malcolm 198 1) . However, the column effluent progressively increased in DOC levels by 50-80%, indicating that the XAD-8 resin behaves chromatographically so that less strongly bound organic compounds, for example colorless low molecular weight acids, are washed out (Aiken et al. 1979; Thurman and Malcolm 198 1) .
The reproducibility of the recovery of dissolved humic substances by this technique was determined on duplicate samples (43.9 liters) of Rio Negro water. These samples yielded 70.8 and 7 1.8% of the riverine DOC adsorbed by the first columns, 9 1.3 and 91.8% of the organic carbon of the fulvic acid solutions recovered as powders and 5 2.7 and 54.7% of the initial riverine DOC isolated as humic acids. Thus reproducibility for the humic isolation was about +2%.
Finally, analysis of the laboratory blank indicates that contamination of the humic material by resin bleed is slight. For the large-scale initial column, 40 liters of distilled water (0.2 mg C liter-') yielded a basic eluate containing 14 mg of C. After application of the acidified 14 mg of C to the smaller (fulvic acid) column, a total of 3 mg of C was present in the eluate after the ion exchange step. The freeze-dried powder from the 40-liter blank yielded 1 mg of material (22% org C, H : C 1.7). On the basis of these numbers the carbon blank represents < 1.3 and 0.2% of the lowest-yield (Rio Madeira) humic and fulvic acid. Although color was quantitatively reChemical analyses-Dissolved organic moved from the river water, some color re-carbon (DOC) concentrations were meamained on the resin after elution with base. sured with a Dohrmann DC-80 DOC anaThis loss of humic substances also occurred lyzer with an average precision (SD as perin the second XAD Chromatographic step, cent of mean) of &5%. Carbon, hydrogen, the fulvic acid separation, and at that point and nitrogen contents of the particulate hu-88 +4% of the fulvic acid carbon that had mic and fulvic acids were determined in been initially adsorbed by the resin was re-duplicate with a Carlo Erba elemental anacovered as a freeze-dried powder. The na-lyzer (model 1106). For 36 sets of dupliture of this fraction is unknown; however cates, percent sample mean deviations were Thurman and Malcolm ( 19 7 9) reported that kO.73 for carbon, +2.2 for nitrogen, and at ratios of carbon to ionic functional group kO.85 for hydrogen. Lignin oxidation prod-8 : 1, hydrophobic material will not elute in ucts were generated from 8-16 mg of sample bv alkaline Cu0 oxidation (170°C) and analyzed as trimethylsilyl derivatives by capillary gas chromatography (Hedges and Ertel 1982) . Average precision for all lignin parameters determined by triplicate analyses of the Rio Negro humic and fulvic acids duplicates was + lo%, which is similar to that reported for sediments (Hedges and Ertel 1982) .
Lignin tracer method for humic substances-Lignin, a phenolic polymer unique to vascular plants (Sarkanen and Ludwig 197 l) , can be unambiguously detected and quantified by the presence (as alkaline Cu0 oxidation products) of individual phenols comprising the vanillyl (vanillin, acetovanillon, and vanillic acid), syringyl (syringaldehyde, acetosyringone, and syringic acid) and cinnamyl (trans-p-coumaric and trans-ferulic acids) families (Hedges and Mann 1979a; Hedges and Ertel 1982) . The relative distribution of these phenol families is indicative of vascular plant type since gymnosperms produce vanillyl (V) but no syringyl (S) phenols (S : V = 0) while angiosperms yield both V and S phenols (S : V > 0). The presence of cinnamyl (C) phenols is also indicative since they are produced from nonwoody tissues (C : V > 0) but not in appreciable amounts from woods (C : V = 0). Althoughp-hydroxyl phenols are also found as oxidation products of lignin (Hedges and Mann 1979a), they have additional nonvascular plant sources (Hedges and Parker 1976) and thus are not generally included in the set of unambiguous lignin tracers. Within the vanillyl and syringyl (and ligninderived p-hydroxyl) phenols, the distribution of aldehydic, ketonic, and acidic derivatives is extremely constant in the oxidation product mixtures of all vascular plants (Hedges and Mann 1979a; Hedges et al. 1982 ) and this distribution is thought to reflect the characteristic side chain linkages in lignin (Sarkanen and Ludwig 197 1; Ertel and Hedges 1984) .
The lignin compositional trends seen in fresh plants are also apparent in sediments that contain vascular plant debris (Hedges and Mann 19793; Ertel and Hedges 1985) and in the lignin components of aquatic (Ertel et al. 1984) and sedimentary (Ertel and Hedges 1984) humic substances. In addition, the ratio of vanillic acid to vanillin, (Ad : Al)v, is characteristically higher in humic substances (Ertel et al. 1984) than in vascular plants (0.15 kO.05) (Hedges and Mann 19793) and appears to reflect aerobic degradation of lignin (Ertel and Hedges 1984) .
Results
DOC concentrations -CAMREX VII (February-March 1984) was a midrising water cruise in the midst of the equatorial rainy season, although the Rio SolimGes (the mainstem Amazon above the Rio Negro confluence) had not yet crested its banks. DOC concentrations in the mainstem Rio Solimoes averaged 3.83 +O. 15 mg C liter-1 while in the Rio Amazonas (mainstem below the Rio Negro) DOC levels were higher (4.82kO.33 mg C liter-') due to the Rio Negro (10.8 mg C liter-') input. For this cruise the Rio Negro at its confluence with the Rio Solimoes contributed 22% of the water and 43% of the DOC to the Rio Amazonas. Thus, due to the dissolved carbon (and humic substance) influence of the Rio Negro to the mainstem stations below Manaus, the Rio SolimGes (upper) and Rio Amazonas (lower) reaches of the Amazon River will generally be considered separately.
Of the seven major tributaries sampled for humic substances, three rivers in addition to the Rio Negro had DOC levels greater than the mainstem range: Rio Jutai (7.37 mg C liter-I), Rio Jurua (6.36) and Rio Pur-us (5.87). The Rio Jutai and the Rio Negro have low levels of suspended sediments (14 and 5 mg liter-'), low pH (5.2 and 4.8) and low alkalinityall characteristic of blackwater rivers (Sioli 1975) . The Rio Purls and Rio Jut-&, together with the Rio Isa (DOC = 3.58 mg C liter-'), Rio Japura (3.78) and Rio Madeira (3.8 3), have high suspended loads and are classified as whitewater or turbid rivers.
Humic substance concentrations and fluxes-Humic substances adsorbed by the XAD resin account for 59+3% of the riverine DOC, with slightly higher values from the blackwater tributaries (Table 1) . Ratios of fulvic to humic acid (carbon) (FA : HA) in the mainstem Rio SolimGes average 5.4 + 0.5 and are lower in the Rio Amazonas (3.2k0.3) due to the large input of humic acid-rich water from the Rio Negro (FA: HA = 1.6). Tributary FA :,HA ratios range from 1.6 to 6.3 and are not correlated with either suspended sediment load or DOC concentrations.
The water discharge at each station can be combined with the concentrations of humic substances (Table 1) to determine the flux of humic and fulvic acids in the Amazon River system during the study. A diagrammatic map of the Amazon system scaled to show the water discharge, concentrations, and fluxes of the humic substances in the tributaries, together with the measured humic and fulvic fluxes for each mainstem station is given in Fig. 2 . The major humic acid flux to the Amazon River system is from the Rio Negro, which contributes 2.5 times the input of the Rio Solimoes at their confluence (Table 1 ) and thus should dominate the compositional characteristics of the downstream Rio Amazonas humic acids. Although lowest in humic acid concentration, the whitewater Rio Madeira has the next largest flux, which still amounts to only 11% of the Rio Negro humic acid input. The remaining tributaries generally decrease in humic acid flux in their order upstream.
Tributary fluxes of fulvic acids vary only by a factor of 10, humic acids by a factor of over 30. The Rio Negro also has the largest fulvic acid flux of any tributary (Fig. 2) , amounting to 70% of the mainstem flux at the confluence. Due to its large discharge, the Rio Madeira has the second largest fulvic acid flux also, about 50% of the Rio Negro input. As is seen for the humic acids, the tributaries decrease in fulvic acid flux upstream.
Elemental compositions of humic and fulvic acids-The organic carbon contents of humic and fulvic acids (Table 1) are similar (50.5+2.5%) and within the range of other aquatic humic substances (Thurman 1985) . Atomic C : N ratios for humic acids of the mainstem Rio Solimdes (19.1 k4.7) resemble the average for all tributaries (21.4+2.5), excluding the Rio Negro (58.1 kO.3). The high C: N ratio of the Rio Negro humic acid is also reflected downstream in humic acids of the Rio Amazonas (32.7k4.6). However, humic acids from the two other blackwater rivers, Rio Jutai and Lago Jurua, are not similarly depleted in nitrogen (Table 1 ). The C : N ratios of fulvic acids are consistently higher than those of corresponding humic acids and are relatively uniform (59.5 + 7.0) except for the two blackwater tributaries, Rio Jutai (78.7) and Rio Negro (85.0). The H : C ratios of all humic and fulvic acids are uniform (0.99 +0.05), again with the exception of the Rio Negro humic acid (0.79+0.02) and the humic acids of the Rio Amazonas (0.86kO.05).
Lignin content of humic substances-Cu0 oxidation products of all dissolved humic and fulvic acids of the Amazon River system include lignin-derived phenols in addition to a complex mixture of aliphatic and aromatic acids. The total lignin phenol yields in mg per 100 mg of organic carbon in the sample, A, range from 1.27 to 4.46 for the humic acid fractions and from 0.69 to 1.4 1 for the fulvic acid fractions (Table 2 ). In individual samples the humic acid consistently has a higher A value than the corresponding fulvic acid, indicating a concentration of lignin (relative to carbon) in the more hydrophobic and probably higher molecular weight (Thurman et al. 1982 ) humic acid fraction.
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(0.45 +0.04 and 0.049 +0.008), while some tributary humic acids have compositionally distinct lignin components (Fig. 3) . The fulvic acids as a group have lower ratios of S : V (0.27+0.07) and more variable ratios of C : V (0.044kO.022) than the mainstem humic acids. Both humic and fulvic acid fractions have ratios of S : V and C : V lower than representative Amazon plants and riverine suspended sediments ( Fig. 3 ; Hedges et al. 1986a ).
The average P : V ratio of all humic acids (0.40&O. 12) is similar to the S : V ratios, distinguished mainly by the high P : V ratio of the Rio Negro humic acid (0.75). However, unlike the trend in S: V, the fulvic acids have consistently higher P : V ratios, averaging 0.72fO. 11, with a similarly elevated value (1 .O) for the Rio Negro fulvic acid. The p-hydroxyl phenols in these samples appear to be derived from lignin precursors, as evidenced by the relatively constant proportion of p-hydroxylacetophenone to total p-hydroxyl phenols (0.2 1 kO.02) in all dissolved humic and fulvic acids and the similarity of this ratio to that of vascular plant tissues (0.18 LO. 10) (Hedges et al. 1982; Ertel 1985) .
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Discussion
Lignin geochemistry-Lignin is present in all of the dissolved humic and fulvic acids from the Amazon River system at concentrations and with compositional distributions that can be utilized to discuss both sources and riverine processes. If lignin phenols are released from these humic substances with the same efficiency as from vascular plants (30% for vanillyl phenols and 90% for syringyl phenols: Sarkanen and Ludwig 197 l), we estimate that up to 8% of the carbon in humic acids and 3% of the carbon in fulvic acids are contained in chemically recognizable lignin structural. units. These estimates do not include the relatively high levels of p-hydroxyl compounds, which also appear to be mostly lignin-derived, and thus represent minimum values for recognizable lignin carbon. Lignin therefore represents the largest recognizable biochemical component in aquatic humic substances (Sweet and Perdue 1982; Lytle and Perdue 198 1; Thurman 198 5) .
The coarse and fine suspended sediments from a previous rising water cruise (CAM-REX IV) have total lignin levels of 11 and 3% of the carbon (Hedges et al. 1986a ). Although low compared to the lignin content of wood (30 wt%) (Sarkanen and Ludwig 197 l) , these levels are in the range of nonwoody plant tissues such as tree leaves (5-lo%), which the compositional data suggest are the major source of the particulate lignin. Since the suspended particulate organic matter in the Amazon system is essentially all derived from soil or vascular plants, the similar lignin-to-carbon ratios in the suspended sediments suggest that essentially all the organic matter in these dissolved humic substances also comes from allochthonous sources.
The lignin compositional parameters indicative of plant source types, S : V and C : V, are significantly lower for both humic and fulvic acids than for representative plants from the Amazon Basin (Hedges et al.
1986a) (Fig. 3) . Even the Rio Madeira humic acid, which appears to reflect the grassland vegetation of that region ( Fig. 3 ; Herrera et al. 1978 ), has C : V ratios less than a tenth those of average grasses (Hedges et al. 1986a ). That the lignin compositions of dis- solved humic substances cannot be obtained by any simple mixing of local plant material implies that diagenesis is required for the formation of aquatic humic substances. These ratios are also lower than those for coarse and fine suspended sediments ( Fig. 3 ; Hedges et al. 1986a ) from another midrising water cruise, March-April 1983, suggesting that the dissolved humic substances might have separate sources or be at a different diagenetic stage than the coexisting POC.
Previous results suggest that increases in (Ad : Al)v result from lignin diagenesis (Ertel and Hedges 1984; Ertel et al. 1984) . Oxidative biodegradation of lignin causes modifications in the phenylpropanoid side chains which result in higher (Ad : Al)v ratios upon Cu0 oxidation (Crawford 198 1; Ertel and Hedges 1984) . Since the proportion of ketonic structures produced by Cu0 oxidation is constant and close to the plant average (see results), we can estimate the degree of side-chain alteration using the formula in Ertel and Hedges (1984) . By this method the lignin in humic acids has about 35% side-chain alteration and the fulvic acids about 45%. Both Rio Negro samples have slightly higher degrees of alteration (48%). Similar calculations using the average (Ad : Al)v ratios of CAMREX IV suspended sediments (Hedges et al. 1986a ) yield values for side-chain alteration for the coarse and fine particles of 9 and 18%. Apparently the lignin components of dissolved humic substances have undergone significantly more oxidative degradation than the lignin in Amazon suspended sediments. We can use the (Ad : Al)v ratios to evaluate other lignin compositional patterns that might also result from biodegradation.
To avoid trends that result from mixing, we will use only data for humic and fulvic acids from the seven tributaries, Lago Jurua, and the upper Rio Solimaes (Vargem Grande). Since methoxyl groups are known sites of aerobic lignin degradation (Christman and Oglesby 1971; Ertel et al. 1984 ) and since the p-hydroxyl compounds in these samples are lignin-derived (see results), we will examine changes in the methoxylated phenols (S and V) relative to nonmethoxylated phenols (P) at different (Ad : Al)v ratios. As is evident in Fig. 4 , S : P and V : P ratios are inversely correlated with (Ad : Al)v, indicating that preferential loss of methoxylatcd lignin structures occurs along with side-chain alteration. This selective loss of vanillyl and syringyl units probably results from methoxyl demethylation, which is a proposed pathway for lignin biodegradation (Crawford 198 l), and not from interconversions via demethoxylation to vanillyl or P-hydroxyl units. The corresponding drop in recognizable lignin, A, with increasing (Ad : Al)v ratios (Fig. 4) supports the demethylation pathway and also indicates that the relatively low lignin levels are due to diagenesis rather than to dilution from nonvascular (i.e. algal or bacterial) carbon. Exactly how the methoxyl demethylation, which results in loss of the recognizable lignin structure, is linked to side-chain oxidation, which preserves the lignin signature, is at present unclear. However, selective loss of syringyl structural units in buried wood samples have been observed without a corresponding increase in (Ad: Al)v ratios (Hedges et al. 1985) , indicating that the two degradative pathways are not invariably linked.
The lignin diagenetic trends seen across the suite of humic and fulvic acids are also apparent among the average values for humic and fulvic acids and Amazon fine and coarse suspended sediments (Fig. 5) . Lignin degradation progressively increases along the sequence: plant material, coarse suspended sediment, fine suspended sediment, dissolved humic acids, and lastly fulvic acids (Hedges et al. 1986a; Fig. 5) . Similar lignin biodegradation trends have been observed between coexisting sets of aquatic (Ertel et al. 1984) and sedimentary (Ertel and Hedges 1984, 1985) humic and fulvic acids, although major differences in composition of plant sources prohibited any general conclusions. However, in this case the source plants of the Amazon are composed only of angiosperms and these diagenetic patterns occur both throughout the sample types (Fig.  5 ) and across the humic and fulvic acid suite (Fig. 4) . Thus we can conclude that the lignin-derived phenols released by Cu0 oxidation are indicative of diagenetic transformations of lignin in accordance with known biodegradation pathways; that the separation of aquatic humic substances into humic and fulvic acids yields fractions that consistently differ in elemental and organic compositions, diagenetic histories, and possible formation processes; and that an over-749 all diagenetic difference exists between humic and fulvic acids which reflects greater lignin degradation of the fulvic acid fractions. However, no evidence reported here indicates any interconversion of humic and fulvic acids in the river.
Regional characteristics -Blackwater tributaries like the Rio Negro contain little suspended sediment but whitewater mainstem and tributaries contain high levels of DOC, more than half of which is humic substances. Whether blackwater and whitewater tributaries differ mainly in the levels of organic matter or whether there are distinct differences in the type or composition of that organic matter can be addressed by comparing the humic substances from three blackwater tributaries -Rio Negro, Rio Jutai, and Lago Jurua-with those of the whitewater tributaries.
Of the parameters listed in Tables 1 and  2 , the blackwater samples have significantly higher levels of DOC and humic substances (% adsorbed) and lower FA : HA ratios than the whitewater samples (Mann-Whitney test, P = 0.05; Zar 1974) . No statistically significant differences were seen for any of the lignin or elemental compositional data. These results indicate that as a group blackwater samples are distinctive predominantly in concentration-related and not compositional characteristics. Thus color or humic substance concentration indicate little about the organic composition or geochemistry of the rivers and may therefore be unreliable indicators of geochemical processes.
The Rio Negro humic and fulvic acids, however, are statistically different from the average of all other tributaries, including the other blackwater samples, in essentially all the elemental and lignin compositional parameters (t-test, P = 0.05; Zar 1974) . As determined by the high acid : aldehyde ratios and low methoxyl content (Fig. 5) , the Rio Negro samples represent more extreme lignin degradation than other aquatic humic substances (Ertel et al. 1984) and approach the degree of lignin degradation seen previously in soil humic substances (Ertel and Hedges 1984) . Concurrent with this is a significant increase in C : N ratios and a decrease in H : C ratios from those in other humic and fulvic acids, especially from temperate regions (Thurman 198 5) . The podzol soils of the Rio Negro region and their basesoluble humic extracts also are depleted in organic nitrogen (C : N = 30 and 25; Klinge and Ohle 1964; Leenheer 1980) relative to the oxisols in the rest of the Amazon drainage basin (C : N = 13; Klinge and Ohle 1964) . These results suggest that the high degree of biodegradation of the Rio Negro humic substances mostly likely occurs within the aerobic soil layers and, by analogy, that the site of formation of all the Amazon aquatic humic and fulvic acids is likewise the aerobic soil horizons. In agreement with these findings is the apparent lack of changes in lignin and elemental composition seen in humic substances of the mainstem which are not the result of tributary input (see below).
The greater degree of lignin degradation in the Rio Negro humic substances than in those of other regions is not due simply to greater apparent ages. Humic substances from the Rio Negro region have similar residence times in the drainage basin and thus presumably in the soil as other Amazon humic substances (Hedges et al. 1986b ) and significantly shorter residence times than the coexisting fine suspended sediment, which generally shows less lignin degradation (Hedges et al. 1986a ). In fact, the more degraded fulvic acids contain an appreciably greater level of bomb-carbon than the humic acids (Hedges et al. 19863) , indicating a more rapid formation and leaching from soils. Fulvic acids as a group have lower molecular weight (Thurman et al. 1982) , greater acidity (Thurman 1985) , and lower nitrogen content (Table 1) than coexisting humic acids-all of these factors could result in greater mobility in soils. Thus, the high degradation of Rio Negro humic substances seems to result from processes in the soil horizons of that drainage basin before their introduction into the river.
Riverine processes-The compositional characteristics of the mainstem humic substances generally reflect an integration of the tributary inputs. The measured water discharges allow us to determine any absolute loss (or gain) of humic substances in the river by comparing the observed flux at each mainstem station to the flux expected (0 : E) from the accumulated tributary inputs to that point. The 0 : E ratios (as %) of the mainstem stations are shown in Fig. 6 for humic and fulvic acid carbon, discharge, and total DOC. The 0 : E ratio for discharge rises to 110% at obidos due to the accumulated input of water from unmeasured streams and tributaries (Richey et al. 1986 ). However, the corresponding observed DOC fluxes are continually less than the accumulated tributary inputs. Over most of the upper river dissolved humic and fulvic acid fluxes are dominated by conservative mixing of tributary inputs. However, downstream of Manacapurti, humic and fulvic acid 0 : E ratios progressively fall to 63 and 83% of the expected values. Since 70% of the humic acids in the Rio Amazonas comes from the Rio Negro (Fig. 2) , the loss of dissolved humic acids occurs over a relatively short distance. A similar decrease is seen in the 0 : E ratios of humic and fulvic organic nitrogen and total lignin-derived phenols (Fig. 7) over the same reach, suggesting that there is an absolute loss of humic and possibly fulvic acids downstream of the Rio Negro input. Leenheer (1980) reported that humic acids are enriched relative to fulvic acids on detritus and in sediments of the Rio Negro and suggested that this is due to adsorption of the more hydrophobic humic acids onto the sparingly available particle surfaces. By analogy, the loss of dissolved humic acids in the Rio Amazonas could result from adsorption of Rio Negro humic acids on particles from the Rio Solimoes since this is the first instance where humic substances from the lower Rio Negro contact appre- ciable concentrations of suspended sediment. We can evaluate this hypothesis by comparing the carbon fluxes for dissolved humic and fulvic acids with the fine fraction of suspended sediment for the reach between Manacapuru and Sao Jose (Fig. 1) . These results (Table 3) indicate that the carbon loss for dissolved humic acids is similar to the gain of carbon on the fine suspended sediments, while the fulvic acid carbon flux is essentially balanced. In addition, the humic acid fraction loses a third of its organic nitrogen which is more than balanced by an increase of nitrogen on the fine fraction. Thus, elemental trends independently support the hypothesis that the loss of humic acid results from adsorption onto fine particles, which constitute the bulk of the available surface area. Similar adsorption of DOC by bottom or suspended sediment has been reported for small temperate streams (McDowell and Wood 1984) .
At SGo Jose the Rio Negro water is still not completely mixed with that of the Rio SolimGes. The continued downstream decrease in observed humic acids fluxes could result from further adsorption onto particles, particularly those from the Rio Madeira, which during this cruise was more turbid than the Rio Amazonas. The compositional characteristics (i.e. FA : HA, C : N, P :V,-A, etc.) of the humic acids at Paura and Obidos appear to be returning to the values of the Rio Solimoes, suggesting that the compositionally distinct humic acids from the Rio Negro are being preferentially Table 3 . Fluxes (kg C s-l) of carbon and nitrogen in humic acids, fulvic acids, and suspended fine sediment between Manacapurti and Sgo Jose. Abbreviations: HA-humic acid; FA-fulvic acid; SF-suspended fine fraction; C-organic carbon; N-organic nitrogen. removed by adsorption. However, this carbon is too small a portion of the total carbon on the suspended fine fraction (Table 3) to cause any change in its compositional characteristics.
Humic substance carbon and lignin transport -On this cruise, the fluxes of humic and fulvic acid at obidos were 100 and 350 kg C S-', which together represent 56% of the total DOC flux (Table 1) . These fluxes (corrected for procedural losses; see methods), compared with carbon fluxes on coarse (66.6 kg C s-l) and fine (580) suspended particles (Richey et al. 1986 ) for the same cruise, indicate that 40% of the total organic carbon flux at Obidos is present as dissolved humic substances. The corresponding flux of dissolved lignin, in terms of the measured lignin-derived phenol (LDP) yields (V + S + C), is about equal for humic and fulvic acids, 2.7 and 2.6 kg LDP s-l. Although no lignin concentrations were determined for the suspended sediments from CAMREX VII, we can use the average A values of CAMREX IV coarse (7.8) and fine (2.2) suspended sediments (Hedges et al. 1986a ) to estimate particulate lignin fluxes of 5.2 and 13 kg LDP s-l. Thus, at Obidos about 25% of the total flux of chemically recognizable lignin is present as dissolved organic material.
The annual transport of dissolved humic substances, particularly the humic acid fraction, in the Amazon River is dependent on the relative water input from the Rio Negro, which represents anywhere from 5 to 25% of the discharge at obidos (Richey et al. 1986 ). This cruise was during a high Rio Negro discharge and thus the measured fluxes at Obidos may represent maximum values. The humic acid from the Rio Negro appears to be removed in part by adsorption onto particles. Studies on small streams indicate that humic acid concentrations vary seasonally while those of fulvic acid, the dominant fraction in the Amazon River, remain relatively constant (Visser 1984) . Although our data give only a glimpse of the seasonal cycle, we can estimate the annual transport of carbon and lignin by Amazon humic substances using the annual DOC flux and humic substance concentrations from Cruise VII, since humic substances represent a fairly constant portion of the total DOC in the various tributaries sampled.
From the averages of seven CAMREX cruises (over a 3-year period), we estimate that the annual DOC flux at bbidos is 2.0 x lOI g C yr-' (Richey unpubl. data) . Using the yields of humic substances relative to DOC and the lignin compositions (Tables  1 and 2 ), we calculate an annual transport of carbon and lignin in humic substances at obidos of 1.1 x lOI g C yr-I and 1.2 x 10" g LDP yr-1 (Table 4) . Fulvic acids are 77 and 49% of the dissolved humic substance carbon and lignin transport. Estimates for Manacapuru (above the Rio Negro confluence) are about two-thirds of the Obidos fluxes (Table 4 ) and represent minimum estimates of humic substance transport if Rio Negro discharge is significantly smaller during other seasons.
A potential use of the high levels of ligninderived phenols in aquatic humic substances is as tracers to determine the fate of riverine DOC in estuaries and oceans. Dissolved humic substances in the Amazon River system are derived predominantly from vascular plant material and thus have a terrestrial origin. Humic and fulvic acids appear to be formed, perhaps simultaneously, from the same source material and differ essentially in the amount of biodegradation within the soil, with fulvic acids being more oxidized and depleted in nitrogen. The chemical properties of fulvic acids that allow for a relatively rapid transfer from soils to rivers also apparently prohibit interaction with suspended sediment, since fulvic acids seem to be conservative in the Amazon River. Humic acids, however, are retained longer in the soil and at least in the situation of humic-rich water mixing with turbid river water, are adsorbed onto COexisting particles. Humic acids are also selectively removed in estuaries (Sholkovitz et al. 1978 ) and thus may not effectively contribute carbon or lignin to the marine environment. Fulvic acids represent 50% of the total riverine DOC and also 50% of the lignin in dissolved form. Recent studies (Mantoura and Woodward 1983) SUPPOSE 
